INTRODUCTION
Vast and largely unexplored, the interfaces between biological membranes and the compartments they delimit are the loci of diverse and essential processes, including cellular motility, intraand intercellular communication, cell division, and the biogenesis of organelles. Great strides have been made in characterizing membrane dynamics, but a mechanistic understanding of these processes remains in its infancy. Missing from the analysis to date are structural descriptions of membrane-associated macromolecules and their interactions with the bilayer. To advance our understanding of these fundamental mechanisms, we have exploited the versatility of (cryo)electron microscopy to directly image a membrane-bound protein module whose interactions with the bilayer are critical players in membrane-remodeling processes.
The BAR (Bin, Amphiphysin, Rvs) domain superfamily of proteins-including ''classical'' BAR domains, F-BAR (FCH-BAR or EFC Extended-FCH) and I-BAR (Inverse-BAR) domains-have emerged as important actors in membrane-remodeling processes throughout eukarya. Members of the superfamily are recruited from the cytoplasm to trigger the formation of plasma-membrane extensions, invaginations, tubular organelles, and transport intermediates, including endocytic vesicles (Itoh et al., 2005; Kamioka et al., 2004; Lee et al., 2002; Mattila et al., 2007; Peter et al., 2004; Tsujita et al., 2006) . Much of what is known about the structure-function relationships of the BAR superfamily has emerged from crystallographic studies, showing that members of the family are elongated dimers formed by the antiparallel association of a-helical coiled coils (Casal et al., 2006; Gallop et al., 2006; Henne et al., 2007; Lee et al., 2007; Li et al., 2007; Masuda et al., 2006; Mattila et al., 2007; Millard et al., 2005; Peter et al., 2004; Shimada et al., 2007; Tarricone et al., 2001; Weissenhorn, 2005; Zhu et al., 2007) . Individual members of the BAR superfamily differ in their overall degree of curvature, where F-BARs have an elongated and gentle crescent shape and I-BARs have a nearly flat zeppelin shape, in comparison with the banana shape of ''classical'' BAR modules (Henne et al., 2007; Lee et al., 2007; Millard et al., 2005; Shimada et al., 2007; Tarricone et al., 2001) . Despite these differences, all BAR superfamily dimers have a surface on which clusters of positive charges are positioned to interact with negatively charged phosopholipid headgroups of the membrane.
Based on biophysical and theoretical work and the visual cues provided by crystallographic studies, two distinct-but not exclusive-mechanisms have been proposed for the curvature-inducing activity of BAR superfamily domains. First, the ''scaffolding'' hypothesis intuitively posits that the modules bend membranes by simply imposing their charged, curved shapes via electrostatic attraction (Mattila et al., 2007; Peter et al., 2004; Shimada et al., 2007) . Until now, there had been no direct evidence for this shape-based ''scaffolding'' hypothesis, other than that purified domains generate tubules in vitro whose curvature correlates with the concavity of their quaternary structure: classical BARs generate narrower tubules than elongated and gently curved F-BARs (Farsad et al., 2001; Henne et al., 2007; Itoh et al., 2005; Peter et al., 2004; Shimada et al., 2007; Takei et al., 1999) . Conversely, I-BAR modules appear to generate filopodia in vitro and in living cells (tubules of the opposite curvature) by binding to the plasma membrane via a convex surface (Mattila et al., 2007) . The second mechanism proposes that proteininduced curvature is induced as a ''buckling'' response to the insertion of amphipathic sequences into the cytosolic leaflet of the bilayer (Zimmerberg and Kozlov, 2006) . Reminiscent of the mechanism of curvature induction by epsin-family proteins (Ford et al., 2002) , biochemical (Farsad et al., 2001; Henne et al., 2007) and spectroscopic (Gallop et al., 2006) data indicate that the eponymous N-terminal helix of endophilin and amphiphysin act like ''wedges'' that penetrate into one bilayer leaflet.
Both the ''scaffolding'' and the amphipathic wedge mechanism place emphasis on the interaction between protein modules and their target membranes. Regardless of the molecular mechanism, however, the energetic requirement for extensive membrane deformation-like endocytosis of coated pits or extension of membrane tubules-exceeds the interaction energy between an individual protein and the bilayer by at least one order of magnitude and therefore require the collective activity of many proteins (Ayton et al., 2007; Zimmerberg and McLaughlin, 2004) . In support of this idea, a continuous filament of F-BAR domains (Itoh et al., 2005) has been proposed to encircle tubular membranes (Shimada et al., 2007) , while direct protomer interactions enable polymerization of spherical or cylindrical coats for proteins like clathrin and its adaptors (Brett and Traub, 2006) or the GTPase dynamin (Hinshaw and Schmid, 1995; Takei et al., 1995; Zhang and Hinshaw, 2001) . Moreover, theoretical studies show that even in the absence of protein-protein interactions, protein-induced changes in bilayer properties may create attractive forces that cause microscopically bent bilayer regions to coalesce into macroscopic curvature domains (Ayton et al., 2007; Bruinsma and Pincus, 1996; Reynwar et al., 2007) . Scaffolding, amphipathic wedges, and ensemble activity may each contribute to curvature generation or stabilization by a specific domain, but testing these hypotheses directly requires molecular-scale visualization of the proteins in their membrane-bound contexts.
Using a structural approach that allows for the presence of a membrane holds the potential to advance a mechanistic description of membrane remodeling by answering four immediate questions. First, it would visualize directly how members of the BAR superfamily interact with the bilayer. Second, it would provide insight into the ensemble component of protein-induced membrane curvature. Third, it would explain whether and how the same type of domain accommodates a spectrum of different membrane curvatures. Fourth, structures may suggest how spatial regulation of membrane deformation is achieved. By showing directly how F-BARs employ a combination of scaffolding and ensemble action to induce curvature, our study provides answers to these questions.
RESULTS AND DISCUSSION
F-BAR Proteins Spontaneously Segregate from Classical BAR Proteins during Membrane Tubule Formation High-level expression of fluorescently labeled F-BAR proteins revealed that they generate membrane tubules inside living cells (Itoh et al., 2005; Tsujita et al., 2006) . Less appreciated but presumably of functional significance, F-BAR and other BAR superfamily proteins physically segregated from each other on membrane surfaces during membrane remodeling as seen in Figure 1A (Itoh and De Camilli, 2006) . While segregation is likely to be determined in part by the affinity of a given BAR superfamily domain for a specific degree of curvature, the dynamic alternation of F-BAR and N-BAR microdomains ( Figure 1A ) suggested that stereotyped protein-protein interactions enabled members of the BAR superfamily to distinguish and recruit self-similar domains during membrane remodeling. In support of this hypothesis, when two different F-BAR proteins from the Toca family (transducer of Cdc42-dependent actin assembly [Ho et al., 2004] ), namely CIP4/Toca-3 and FBP17/Toca-2, were coexpressed, they colocalized on the same tubules ( Figure 1B ). While interactions between highly homologous TOCA proteins may involve more than a single domain, it is most likely that colocalization of these proteins was driven by their highly conserved and structurally homologous membrane-binding F-BAR domains (Shimada et al., 2007) .
F-BAR Tubules Are Larger Than N-BAR Tubules in Living Cells
When analyzed in living cells, F-BAR tubules were >3-fold wider in diameter than tubules formed by N-BARs, as shown by thinsection electron microscopy of COS7 cells expressing GFP-FBP17 ( Figure 1C and inset), GFP-CIP4 ( Figure 1D ), and GFPamphiphysin-2 ( Figure 1E ). This observation mirrors data that were previously obtained in vitro (Henne et al., 2007; Itoh et al., 2005; Shimada et al., 2007; Tsujita et al., 2006) , emphasizing that tubulation in vitro generates biologically relevant structures. In addition, the striking differences in tubule diameters supported the scaffolding hypothesis, as the size difference between F-BAR and N-BAR tubules in living cells correlated directly with the difference in the radii of curvature for the respective domains (Casal et al., 2006; Shimada et al., 2007) .
In Vitro Reconstitution of Membrane Tubulation By F-BAR Domains for Structural Analysis by Electron Cryomicroscopy
To structurally analyze F-BAR-induced membrane deformation, we generated mixed populations of tubules in vitro whose range of diameters were consistent with the range observed in living cells (57-85 nm in vitro compared with 64-113 nm in living cells; Figures 2A and 2B) . Notably, micrographs of unstained liposomes caught in the process of tubule formation illustrated that tubulation involved at least two intermediate steps that correlated with the reorganization F-BAR domains into a defined coat following their adsorption onto the membrane. In Figure 2A , a bare bilayer is clearly resolved to the right of the yellow arrow and more clearly in the 23 enlarged inset. Immediately to the left of the yellow arrow, the outer surface of the bilayer is decorated by bound F-BAR domains but the curvature of the membrane has changed little if at all, in comparison with the naked membrane to the right. Between the yellow and cyan arrows, the F-BAR domains have clearly self-organized into a structured coat, and it is the organization of the coat that appears to transform the spherical liposome into a cylindrical tubule. Under the same solution conditions, when an N-BAR domain protein was mixed with an F-BAR domain protein prior to incubation with liposomes, homogeneous microdomains with a constant diameter-corresponding with the curvature of the F-BAR domainwere contiguous with equally homogenous but distinct tubules whose smaller diameter corresponded with the curvature of the N-BAR domain (Figures 2E and 2F) . These in vitro observations were in accord with segregation observed in living cells.
The heterogeneity within populations of tubules, subtle changes in diameter along individual tubules, and the loss of lattice coherence over long distances presented significant obstacles to 3D reconstruction. Fortuitously, the long-range order of the CIP4 F-BAR coat could be improved by subjecting F-BAR tubules to a period of slow temperature annealing before vitrification (see Experimental Procedures). In electron (cryo)micrographs of annealed tubules the helical nature of the F-BAR coat was obvious ( Figure 2C ), and Fourier transforms of these images revealed strong layer lines ( Figure 2D ). Temperature annealing was only used to generate images suitable for structure determination. For all other in vitro experiments reported here, tubulation reactions were performed at room temperature for up to 30 min.
Iterative Helical Real-Space Reconstruction of F-BAR Tubules
We employed the iterative helical real-space reconstruction algorithm (Egelman, 2000) to reconstruct volumes from individual tubules composed of up to $3000 F-BAR domains, after preliminary efforts with Fourier-Bessel reconstruction failed to achieve the desired resolution (see Experimental Procedures) (Figures S1-S3). This approach enabled us to resolve individual F-BAR dimers and the contacts defining the helical coat ( Figures 3A-3C ). To our knowledge, this is the first reconstruction of a membrane-binding protein with sufficient resolution to unambiguously identify individual protein subunits adsorbed onto an underlying membrane. The membrane itself appeared relatively smooth, with a hydrophobic core that was $26 Å thick and phosphocholine headgroup regions that were $12 Å thick ( Figure 3C ). The correspondence between the dimensions of the bilayer in our reconstructions and measurements of similar synthetic lipid mixtures strongly supported the validity of these results (Rodriguez et al., 2007; Wang et al., 2006) . Notably, in reconstructions calculated from images of tubules with broken-open ends ( Figure S2B ), there was additional unstructured density along the surface of the inner leaflet. Since 3D reconstruction depends on averaging, we cannot rule out entirely that randomly distributed lipid protrusions were responsible for this layer of unstructured density. However, since this additional layer was observed only in tubules that were broken open, and given that the F-BAR domain was the only protein added to the reaction mixture, it seemed more likely that the additional densities represented a disordered layer of protein. This observation was significant because it, unexpectedly, conveyed that F-BARs could apparently bind to membranes with convex curvature. Mechanistically, this reinforced the idea that membrane binding and membrane bending are separable events ( Figure 2A ).
Direct Visualization of Scaffolding by F-BAR Domains
Like other BAR superfamily domains, F-BAR tubulation requires the presence of anionic headgroups to be present in the membrane at >10 mol% (Itoh et al., 2005; Tsujita et al., 2006) . Moreover, tubulation was inhibited by increasing solution ionic strength, such that tubule formation was blocked at >300 mM [NaCl] (data not shown), demonstrating that membrane deformation by F-BARs depended on electrostatic interactions. Consistent with these observations, the scaffolding hypothesis predicts that defined points of contact between the protein's clusters of cationic residues and the phospholipid headgroups constrain the membrane to match the curvature of the domain. Proving this model, the 3D reconstruction visualized how through four points of close apposition the F-BAR dimer imposed its own shape on the underlying bilayer (Figures 3C and 4B) . Moreover, there was no significant difference between the curvature of the F-BAR dimer bound to tubules and the structure obtained from X-ray crystallography in the absence of lipids ( Figure 4B ). This observation established the additional feature of the scaffolding hypothesis positing that protein scaffolds must be more rigid than the membrane.
To identify which residues participated in membrane binding at these four sites, the atomic coordinates of the F-BAR domains of human FBP17 and CIP4 were fit into the map manually and then refined using algorithms implemented in UCSF Chimera (Pettersen et al., 2004) or the program SITUS (Pettersen et al., 2004; Wriggers et al., 1999) with equivalent results. The agreement for the fit of both structures was not surprising given that their crystal structures superimposed to within 2.15 Å rmsd between corresponding Ca-atoms (Shimada et al., 2007 ) (see Figure S4 ). As illustrated in Figure 4 , two regions of membrane binding near the center of the module appeared to correspond with the cationic clusters composed of R/K27, K30, K33, K110, R113, K114, and R/K150 (where R/K indicates the amino acid found in CIP4 or FBP17, respectively). Two additional areas of contact nearer the dimer's tips appeared to correspond with a cluster of cationic residues composed of R139, R/K140, R/K146, and R/K150. Consistent with this interpretation of our map, mutating residues that line the concave face, including K33E, K33Q, R113Q, and K114Q, compromise membrane binding and tubule formation (Shimada et al., 2007; Tsujita et al., 2006) . Importantly, there was no evidence at this resolution that extended amphipathic sequences were partially intercalated into the bilayer-distinguishing F-BAR-mediated tubulation from the combination of scaffolding plus amphipathic ''wedges'' employed by N-BAR domains (Farsad et al., 2001; Gallop et al., 2006) . However, it is possible, given the moderate resolution of this analysis, that isolated residues shallowly inserted into the outer leaflet of the bilayer. To explore this possibility, we noted from the fit of the atomic coordinates into our reconstruction that F117 faced the membrane from the concave surface of the domain and that it was surrounded by the hydrophobic alkane moieties of cationic residues that mediated binding to lipid headgroups ( Figure S5C ). To test whether possible insertion of F117 into the bilayer contributed to membrane-binding or tubulation, we mutated F117 to Ala and Asp, respectively. The F117A mutant had no observable defects in membrane tubule formation. Given the smaller volume occupied by the hydrophobic side chain of Ala, this suggested that tubulation did not require insertion of a bulky Phe among the acyl chains of the membrane. Further supporting this idea, when F117 was mutated to Trp in a Trp-less variant of the domain, no blue-shift of the fluorescence emission spectrum was detectable (data not shown, (Ladokhin et al., 2000) ). In contrast, the F117D mutation in FBP17 F-BAR domains potently inhibited tubulation in every reaction condition tested in vitro ( Figure 6A ), while the corresponding mutation in full-length CIP4 also inhibited tubulation in living cells ( Figure 4D ). This observation suggested that the F117D mutant was defective in forming high-affinity interactions with the membrane surface via its concave surface. We speculate that the functional defect arose because the Asp strongly interacted with its neighboring cationic residues, partially neutralizing the surface potential and perhaps preventing conformational extensions of Lys and Arg residues toward the membrane surface. In support of the latter, we noted that the molecular envelope of the dimer was continuous with the bilayer exclusively in the four positions that, based on the fit of the crystal structure, were occupied by cationic clusters.
F-BAR Domains Self-Organize into Helical Lattices to Induce Tubule Formation An important finding of our study was that scaffolding by individual F-BARs was necessary but not sufficient for tubule formation. Specifically, the reconstruction demonstrated that tubule formation involved the collective assembly of F-BARs into a helical coat that propagated curvature around and along the growing tubule. The helical lattice was held together by tip-to-tip and extensive lateral interactions ( Figures 3A, 3B , and 4A). Of the two, only the tip-to-tip interaction, mediated in part by K166 in the loop between the a3 and a4 helices, was predicted by the crystal structures (Shimada et al., 2007) . Importantly, the 6.3 Å translation and 40.3 rotation separating each dimer along the helical path defined by the tip-to-tip interaction did not allow preservation of the reported hydrogen-bonding pattern, when the dimer was fit as a rigid body. In fact, attempts to maintain the hydrogen-bonding pattern as seen in the crystal structure resulted in a $50% decrease in the correlation coefficient between our map and the structure.
The possibility that the tip-to-tip interaction was flexible or underwent rearrangement during polymerization of the helical coat was consistent with the existence of an additional, lateral contact between neighboring dimers ( Figures 3A, 3B, and 4A ). This broad overlapping interaction involved 50% of the dimer's lateral surface, including the loop between a2 and a3, segments of the lateral surface of a3 and a5, and the C-terminal extended peptide (Shimada et al., 2007) . Notably, the near-atomic model generated by fitting the crystal structures into our reconstruction suggested specific contacts that may have been important for the formation of the lateral interactions. This included ionic interactions between K66 or K273 in one dimer and E285 or D286 in the other, as well as between D161 or N163 in one dimer and R47 or K51 in the other (Figures 4A and S4 ). There also appeared to be hydrophobic interactions, including one between directly opposing F276 in both dimers ( Figures 4A and S4 ). As shown in the bottom panel of Figure S4 , these surface-exposed residues are among the most highly conserved throughout the evolution of the Toca proteins, and are oriented on the surface of the model such that if they do participate in lateral interactions, neighboring dimers would overlap by $50% of their length.
Because of the large number of potential pairwise interactions, we did not probe the importance of all these residues for the purpose of this study. Nevertheless, analysis of a total of 14 mutants along the lateral interface (7 each for CIP4 and FBP17, respectively) revealed that most of them affected tubulation behavior to some extent. Shown here are examples illustrating the spectrum of effects that were observed in living cells with full-length CIP4 or FBP17 ( Figures 4C and 4D ) and in vitro with purified FBP17 F-BAR domains ( Figures 6A and 6B ). Considering the large surface area involved in the lateral interaction, we were surprised that some point mutations did compromise tubule formation both in vitro and in living cells, at least as potently as the previously reported mutation of the tip-to-tip residue K166 to Ala ( Figure 6A ) (Shimada et al., 2007) . Specifically, replacing F276 with the charged residue Asp in full-length FBP17 and CIP4 potently inhibited tubule formation in living cells ( Figures 4C and  4D) . Similarly, the same mutation strongly compromised tubulation in vitro using isolated F-BAR domains ( Figure 6A ). Similarly, reversing the charge of K66 inhibited tubule formation when compared with wild-type FBP17 F-BAR domains when assayed under equivalent in vitro conditions ( Figure 6A ) (see Experimental Procedures).
The importance of the lateral interactions was further underscored by electron microscopic examination of the filaments formed in the absence of liposomes by the F-BAR domains of FBP17 or CIP4 (Itoh et al., 2005) . Being 12-13 nm thick and with a 4-5 nm repeat distance, these filaments must contain both lateral and tip-to-tip interactions ( Figure S7 ), which contrasts with a previous proposal that the length of the F-BAR dimer corresponds to one periodic repeat of these filaments (Shimada et al., 2007) . Figures 1C, 1D , and 2B). To determine the structural basis for this variability, we calculated independent reconstructions of tubules with different diameters. These volumes revealed that F-BARs rotated relative to the tubule's cylindrical axis while maintaining their intrinsic curvature ( Figure 5 ). Specifically, tubules with a diameter near the population mean of 67 nm had $9.5 tip-to-tip dimers around the circumference. In these cases, the long axis of the dimer was only slightly tilted relative to the cylindrical axis, such that a thread of tip-to-tip dimers wrapped around the tubule with a shallow, right-handed twist. Subtle variability in the tilt angle of the dimer still produced resolvable differences in the helical symmetry, and precluded averaging data from different tubules of the same apparent diameter ( Figure 5B versus 5C ). In contrast, the smallest tubule observed was $57 nm in diameter and accommodated only $8 dimers around its circumference ( Figure 5A ). In this case, fitting the dimers into the map suggested that each F-BAR had a left-handed tilt, relative to the cylindrical axis, and the tip-totip contacts apparently did not form ( Figure 5A , white asterisks).
Variability in Coat Architecture Allows a Range Of Tubule Diameters to Form F-BAR domains generate different diameter tubules in vitro and in living cells (
To test the hypothesis that F-BARs rigidly maintain their intrinsic degree of curvature-even when bound to tubules with smaller diameters-we used the tubule radii and the pitch of the left-handed helical path defined by the lateral interactions to calculate the helical arc length between the center of one dimer and its nearest lateral neighbors. The helical arc lengths for all three tubules-as measured from the reconstructed volumes-were calculated to be 114 ± 1.5 Å (see Experimental Procedures). This indicates that F-BARs bound to the smaller tubules were not appreciably deformed and that they overlapped their neighbors by the same length, despite being tilted relative to the cylindrical axis ( Figure 5A ). Moreover, using a complete model of the protein coat, built from 128 copies of the CIP4 F-BAR domain structure, we observed that the density corresponding with the protein coat of the thinnest tubule could be entirely accounted for with rigid but tilted F-BAR modules, interacting via the same lateral contacts (Figures 5D and 5E ). Finally, abolishing the tip-to-tip interaction with the K166A mutation, which produces some tubules in vitro but not in living cells (Shimada et al., 2007) , appears to bias the population distribution of tubule diameters toward smaller diameters ( Figures 6A and 6B) . This was consistent with the hypothesis that in the absence of the tip-to-tip constraint, F-BAR modules are more likely to tilt relative to the tubule axis and thus produce narrower tubules. In contrast, compromising the formation of the lateral contacts with the K66E mutation biased the population distribution of tubule diameters toward larger diameters ( Figure 6B ). Taken together, these variations in coat structure, particularly in the angle between the dimer's long axis and the cylindrical axis, emphasized how plasticity in the lattice allows rigid dimers to accommodate a range of curvatures. To our knowledge, this is the first experimental demonstration of this previously predicted corollary of the scaffolding mechanism (Blood and Voth, 2006; Henne et al., 2007) .
THE F-BAR Coat Is More Rigid Than N-BAR Or Dynamin Coats
The extensive interactions between dimers observed in the reconstruction explained why F-BAR-coated tubules seemed to be more rigid than tubules coated by classical BAR domains. To quantify the difference in the rigidities of N-BAR and F-BAR tubules in vitro, we calculated their persistence length, L p , which A) Surface representation of a membrane tubule perpendicular to the cylindrical axis, focused on the interactions between four neighboring F-BAR molecules. The underlying membrane is colored in gray and the protein coat in gray mesh. One monomer of each F-BAR module is in yellow, the other in orange-red. Conserved residues hypothesized to contribute to the tip-to-tip, and lateral interactions are annotated and shown with space-filling atoms. (B) Cross-sectional slab through one dimer parallel with the plane of the tip-totip interactions. The four resolved points of membrane binding correspond with clusters of conserved, cationic residues found along the concave faces of both dimers, where R/K indicates the amino acid found in CIP4 or FBP17, respectively (Shimada et al., 2007) . (C and D) Representative images of COS7 cells with high levels of expression of wild-type or mutated constructs of GFP-FBP17 or (D) GFP-CIP4. Some mutations completely abolish membrane localization, while others only compromise tubule formation. Bars: 10 mm.
is a measure of macromolecular rigidity expressed as the length over which correlations in the direction of the tangent are lost. For FBP17-coated tubules, we determined an L p of 142.3 ± 8.8 mm. In comparison, amphiphysin-coated tubules had an L p of 9.1 ± 0.6 mm, while dynamin-coated tubules, which were used as a non-BAR superfamily control sample, had an L p of 37.3 ± 4.6 mm ( Figures 6C and 6D , dynamin data not shown). The 16-fold smaller L p for amphiphysin tubules compared with FBP17 tubules may have been due partly to their thinner diameter, though it would be of interest to determine whether N-BAR dimers form less extensive intermolecular contacts than those of the F-BAR coat. Similarly, the 4-fold smaller L p observed for dynamin, which also forms tubular coats, suggested that the contacts making up the dynamin coat were either less constraining than those of the F-BAR coat or, less likely, that F-BAR dimers were more rigid than dynamin dimers (Chen et al., 2004; Zhang and Hinshaw, 2001 ).
F-BAR Domains Bind to Flat Membranes via a Surface Other Than Their Concave Face
Raw micrographs of liposomes in the midst of being transformed into tubules by the F-BAR domain displayed regions of the membrane that were clearly decorated by bound protein molecules, but whose curvature had not yet appreciably changed (Figure 2A, enlarged insets) . Fortuitously, we were able to observe this intermediate state directly by cooling liposomes below the T m of the most abundant lipid species used in our experiments (palmitoyl-oleyl-phosphatidylserine), which presumably increased membrane rigidity (Figures S4A and S4B ). Both FBP17 and CIP4 F-BARs bound avidly to these rigid membranes and formed 2D arrays in which laterally adjacent dimers aligned in almost perfect register while maintaining tip-to-tip interactions ( Figures 7A-7C and S6A ). Unexpectedly and regardless of whether crystals were negatively stained or vitrified, a dozen projection-density maps calculated from similar but not identical crystals lacked any evidence of the two-fold symmetry that would be observed if the dimers were bound symmetrically to the bilayer via their concave surface (Table S1 and Figure S8 ). The simplest explanation for this absence of a two-fold rotational 
where dR 2 (t) is the rms 2 , x the total length, and L p the persistence length (Derenyi et al., 2002; Le Goff et al., 2002a; Le Goff et al., 2002b) . Bars: (C), 5 mm.
Figure 5. Independent Reconstructions of Tubules with Different Diameters and Symmetries
(A) The narrowest tubule reconstructed is $56 nm in diameter, with $8 tip-totip dimers around its circumference. Tilting the long axis of the dimer relative to the cylindrical axis produces a narrower tubule. In this case, the dimers are so steeply tilted that the tip-to-tip contacts appear to be broken (white asterisks). The tubule has no rotational symmetry; the fundamental (J + 1) helical symmetry does not describe an intermolecular contact. Only the near side of the lattice is shown, and the underlying membrane has been masked out to emphasize differences in the protein coat. Atomic models of F-BAR domains were fit into the map as rigid bodies.
(B and C) Two tubules with the same apparent diameter and $9.5 tip-to-tip dimers around their circumference have resolvable differences in their helical symmetry.
(D) Central section along the longitudinal axis of the thinnest tubule shown in (A), demonstrating that the density of the protein coat accommodates rigid atomic models of the F-BAR module that are tilted relative to the cylindrical axis, but whose radius of curvature is unchanged.
(E) View along the cylindrical axis of the thinner reconstruction shown in (A) and (D).
symmetry was that the domains were bound to the membrane obliquely, such that their maximum curvature surface could not be imposed.
To obtain an estimate for the orientation of the module bound to these rigid membranes, we used a reference library of evenly spaced projection views of the FBP17 F-BAR domain atomic model (Shimada et al., 2007) to search for the highest correlation with the calculated 2D projection image ( Figure 7C) . A broad correlation peak was found for views in which the dimer's two-fold axis was rotated by $60 with respect to the membrane normal. In Figure 7C , ribbon diagrams of the domain in this orientation were superimposed over the projection image, as seen perpendicular to the membrane surface. In Figure 7D , two dimers interacting tip-to-tip are displayed as viewed parallel with the membrane surface (or rotated by 90 with respect to the view in C). In this ''side-lying'' state, the lateral interactions seen in the helical lattice were unable to form, while the relatively flat membrane-binding surface was composed almost entirely of one monomer (another indication that the intrinsic rigidity of F-BAR dimers exceeds the rigidity of the membrane). A similar side-lying state was recently predicted for N-BAR domains in molecular dynamics simulations, in which a range of curvatures were semistable depending on the degree to which the maximum curvature surface was directly imposed on the membrane (Blood and Voth, 2006) .
Based on this orientation, our model predicted that the conserved residues K56, K/R104, K122, and K157 played an important role in mediating the electrostatic interaction with the membrane in this side-lying state ( Figures 7D, S4 , S5B, and S4D-S4E). Point mutations of any of these residues to amino acids of the opposite charge abolished 2D lattice formation ( Figure 7E ) and were observed to have decreased tubulation efficiencies in vitro ( Figure S5B ). Moreover, mutating pairs of them (K122E + K157E or K56E + R104D) potently blocked tubulation in vitro with purified F-BAR domains ( Figure 6A ) and in living cells with full-length GFP-FBP17 ( Figure 4C ). The K56E + R104D mutation in full-length GFP-FBP17 in living cells was particularly striking, in that it apparently abolished membrane binding entirely and resulted in a diffuse distribution of the associated GFP signal.
These observations suggested that F-BAR proteins may form small clusters on membrane surfaces, ready to induce tubule formation ( Figure 7F ). Importantly, in this side-lying state, the lateral interaction surfaces of the F-BAR domain were obscured, which prevented formation of the helical lattice. In support of this idea, the 2D lattices converted to tubular structures upon warming. The easiest explanation for this behavior would be that the reduced rigidity and membrane-bending energy above the T m enabled individual dimers to force the bilayer to adopt their intrinsic curvature locally. Consequently, it was this transition to full imposition of the concave face that exposed the module's lateral interaction surfaces to neighboring dimers and allowed the helical coat to polymerize ( Figure 7F ). This proposed mechanism for tubulation predicted that inhibiting lateral interactions would shift the equilibrium away from tubule generation and toward the formation of 2D arrays. Consistent with this prediction and our model for the lateral contacts ( Figures 4A, and S4) , the mutants K66E and F276D shifted the equilibrium toward the formation of flat lattices even at temperatures >T m of the principal lipid component ( Figure S6D ). Figure S7 , crystal statistics in Table S1 ). Ribbon diagrams of the domain are superimposed over the projection image, as seen from the orientation with the highest correlation perpendicular to the membrane surface. 
Conclusion
Together, the results reported here indicate that tubule formation by the F-BAR domain results through a shape-based scaffolding mechanism that is amplified by the self-assembly of a helical coat. There is no apparent contribution-at the resolution of this analysis-from the insertion of amphipathic sequences (Farsad et al., 2001; Gallop et al., 2006) . As shown here, F-BAR modules readily bind flat membranes and generate curvature de novo, and hence, they are more than just curvature sensors or stabilizers. There is also no obvious need to invoke membrane curvature-mediated attractive forces (Bruinsma and Pincus, 1996; Reynwar et al., 2007) since the dimers interact directly and extensively with each other. At the same time, the structural determinants of tubule formation serve to spatially segregate F-BAR activity from other membrane-binding domains. The work presented here is an important first step toward the structural exploration of membrane remodeling.
EXPERIMENTAL PROCEDURES
Detailed Supplemental Experimental Procedures occupany this manuscript online.
Protein Purification cDNA fragments encoding human FBP17 (1-303) and CIP4 (1-284) were subcloned into pGEX6P-1 (Amersham Biosciences, Piscataway, NJ) with codons for six additional histidine residues inserted at the C terminus via PCR. Fusion proteins were bacterially expressed and purified first on a nickel affinity resin and then on a GST-glutathione affinity column. The GST tag was cleaved, followed by gel filtration chromatography in buffer. Aliquots of 1-3 mg/ml protein were stored at À80 C.
Liposome Preparation, Membrane Binding, and Tubulation In Vitro Lipids were combined in mixtures composed of 85%/15% phospholipids/cholesterol (mol./mol.) and dried under a stream of argon with gentle vortexing in glass vials, redissolved in absolute hexane, dried with argon again, and dessicated under high-vacuum for 1 hr. Lipids were then hydrated with buffer, sonicated, subjected to 10 cycles of freeze thaw, and used immediately or stored in aliquots at À80 C (see Figure S9 ).
Liposomes (0.1-0.25 mg/ml) were equilibrated at 30 C (tubules) or 2 C (2D crystals) for 1 hr before adding F-BAR domains at a lipid-to-protein ratio of 2:1 mass/mass. Ordered helical lattices were obtained after a period of slow cooling following tubule formation at 30 C. An annealing curve programmed into a PCR machine cooled the sample by 5 /hr, each followed by 5 min of 1 warming, such that after 7 hr the sample was at 2 C. This annealing procedure was only used for generating samples for structure determination and was shown to have negligible effects on the morphology of protein-free liposomes ( Figure S9 ). Obtaining 2D lattices with the wild-type protein required that the liposomes never be warmer than 4 C after exposure to the protein.
Electron Microscopy
Two-dimensional and helical arrays were screened using 1% uranyl acetatestained samples and a Philips Tecnai 12 microscope operating at 120 kV. Cryo images were taken at a sample temperature of À172 C under lowdose conditions on a Philips Tecnai F20 microscope equipped with a field emission gun and operating at an accelerating voltage of 160-200 kV, nominal magnifications of 29-50 kx, and defocus values of -1,500 to -22,000 Å .
Two-Dimensional Crystal Image Processing
Images of 2D crystals were corrected for lattice distortions, effects of the contrast transfer function, and astigmatism using the MRC image-processing software package (Crowther et al., 1996; Smith, 1999) . A single-axis tilt series including 13 images from ±40 of a single negatively stained crystal was acquired. Applying the proper tilt geometry, all 13 images were brought to their common phase origin, merged, and subjected to an additional round of origin and geometry refinement. After fitting a final set of lattice lines ( Figure S8 ), the projection structure was calculated from the 3D data set using a B-factor of À5000 Å À2 .
Helical Image Processing
Fourier-Bessel reconstruction proved to be limited in recovering high-resolution features from these tubules because of flexibility and the multiple image interpolations required for axis alignment and straightening. Moreover, helices with the same apparent diameter proved to have distinct helical symmetries, precluding reciprocal space averaging. We therefore reconstructed individual tubes with an extended version of the Iterative Helical Real Space Reconstruction (IHRSR) single-particle algorithm as implemented in SPIDER (Egelman, 2000; Frank et al., 1996) .
Determination of Persistence Lengths
Video-DIC imaging was performed according to Itoh et al. (2005) and Roux et al. (2006) . For each tubule, positions of the tip and the base were tracked using the manual tracking plugin with NIH ImageJ (http://rsb.info.nih.gov/ij/). This procedure was repeated for 100 sequential frames for each tubule, and the tip-to-base distance was extracted for each frame. Each data point is the rms 2 (root-mean-square to the square) for all of the tip-to-base measurements for a given tubule.
Live Cell Microscopy and Thin Section EM COS7 cells (ATCC, Rockville, MD) were cultured, transfected, and imaged as previously described (Perera et al., 2006) . For EM, cells were fixed, sectioned, and imaged using routine protocols (e.g., Ferguson et al., 2007) .
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